This study proposes a cylindrical conformal array antenna (CCAA) for fifth-generation (5G) micro base station applications. The CCAA is composed of five Chebyshev flexible linear array antennas (LAAs) with a circumferentially uniform arrangement on the cylindrical surface. The LAA with a logarithmic periodic arrangement is constructed by synthesizing the current amplitude distribution coefficients in elements with the Chebyshev method. The LAA with a half-power bandwidth (HPBW) wider than 76 • (−38.41 • to 38.58 • ) and a peak gain greater than 10 dBi is fabricated via the micro-electromechanical system process. Cost-performance analysis shows that five is the best number of linear arrays. To achieve omnidirectional switching scanning of the circumferential section, five LAAs wrapped on the cylindrical surface are individually excited by connecting a radio frequency semiconductor switch to the exciting ports of an eight-way power divider. Moreover, beam-switch scanning of the CCAA is measured with the aid of a standard anechoic chamber. The irradiated performance with low mutual coupling and high realized gain is verified to be irrelevant to the structural variation of various flexible experiments of LAAs wrapped around a cylindrical surface. The CCAA with beam-switch scanning operates at 26 GHz and belongs to the 5G millimeter-wave band. Results show the proposed antenna achieves omnidirectional scanning property in the H plane and has a HPBW of only 9.08 • in the E plane. The performances of the CCAA present potential advantage in flexible terminal equipment wireless communication.
I. INTRODUCTION
Fifth-generation (5G) mobile communication has recently gained worldwide attention in wireless communication because of its increased speed transmission and bandwidth spectrum (maximum signal bandwidth of wireless communication is approximately 5% of the carrier frequency) [1] - [5] . The exploitation of the micro base station (MBS) is essential to enhance the throughput of short-range communications and achieve wireless coverage of complex network environments [8] - [12] . Recently, several antennas applying MBS communication were developed through various methods, such as dual-polarized [6] - [7] , wideband [7] , and low The associate editor coordinating the review of this manuscript and approving it for publication was Bin Liao . profile [7] . However, the low degree of freedom, enormous feeding network, and small coverage areas render these antennas limited.
Flexible antennas based on polymer materials represent one of the solutions for the low degree of freedom. Polyethylene naphthalate (PEN), polyethylene terephthalate (PET), and polyimide (PI), among various other polymers, are used as substrates for flexible devices. However, these materials face severe problems, such as complex fabrication of micro/nano structures and poor adhesion between metal materials and substrates [13] . Polydimethylsiloxane (PDMS) is an effective alternative because of its simple method of production and strong adhesion. The substrate of PDMS has a series of advantages, such as seamlessness, strong restoration, and corrosion resistance, such that PDMS has become VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ a candidate for the fabrication of flexible antennas [14] . The micro-electromechanical system (MEMS) process can not only achieve complex metal structures but also meet design requirements in terms of the working accuracy of a millimeter-wave band [13] . Currently, MEMS processes are widely used in the design and fabrication of millimeter-wave array antennas. A large coverage area is required to improve the communication quality and reduce the consumption of the base station in a multi-user communication scene. Therefore, the application of beam scanning technology on the base station has become a current research hotspot. In general, phase array technology with bulky feed components and additional costs is used in this case [15] - [17] . However, beam switching technology is an alternative approach with a wide scanning angle, which further reduces the volume of the antenna system. To date, circuit-based beamforming network [18] - [23] , planar lens [24] - [25] , and radio frequency micro-electromechanical system (RF-MEMS) technology switch [26] - [29] for beam switching [30] - [31] are considered effective implementation methods with similar radiation performances. However, the complexity and scale of these networks will multiply as the port required increases to complete the scanning function, an outcome which makes it challenging to use on MBSs. In addition, most of the networks are limited by cost and customization structures. A radio frequency semiconductor switch (RFSS) micro-chip is rapidly controlled by a logical circuit and has a small dimension. These characteristics make the integration of the RFSS with flexible antennas for beam switching an alternative to solving the wide coverage ability of MBSs. Fig. 1 depicts an application of MBSs by flexibility and beam-switching, where MBSs are deployed on special shapes and surfaces (i.e., lampposts, lampshades, and bus stop signs) on buildings or areas with high traffic.
This study proposes a novel omnidirectional solid angle beam-switching flexible array antenna that uses a highly flexible PDMS polymer as a substrate. Five linear array antennas (LAAs) on a cylindrical conformal array antenna (CCAA) consist of eight elements with logarithmic periodic arrangement. To achieve beam switching, these LAAs are individually excited by a beam switching feed network that consists of a power divider and three RFSSs. The remainder of the paper is structured as follows. Section II proposes and designs the Chebyshev flexible LAA and introduces the fabrication with a detailed MEMS process of the LAA. Moreover, it explores and analyzes the radiation performance of the flexible antenna. Section III investigates the beam-switching scanning mechanism of the antenna and then demonstrates the production and testing of the CCAA prototype. Finally, the various flexibilities of the LAAs wrapped around the cylindrical surface are verified. Section IV concludes.
II. CHEBYSHEV LAA
To investigate the LAA performances, such as wide reflection coefficient, gain, and polarization, the antenna structure is designed through a high-frequency structure simulation (HFSS), and a prototype is manufactured through the MEMS process and measured by a standard microwave chamber.
A. STRUCTURAL MODIFICATION OF CHEBYSHEV FLEXIBLE LAA
Three sections, namely, top radiation patch, middle substrate, and bottom ground, compose the proposed flexible microstrip element, as shown in Fig. 2(b) . The highly flexible PDMS (ε r = 2.35, tan δ = 0.0375, TS = 0.6 mm) is considered a substrate material because of its ability to freely bend the antenna around a special surface. The width of the proposed element can be calculated as follows [34] :
where c denotes the speed of light, ε r represents the dielectric constant of PDMS, and f 0 is the resonant frequency (in this design, f 0 = 26 GHz). The length of a rectangular microstrip patch is typically λ g /2, where λ g is the waveguide wavelength in the dielectric substrate. With the edge effect of the radiation patch considered, the profile length of the proposed element can be calculated as follows: where ε e is the effective dielectric constant of PDMS, and L pertains to the length of the equivalent radiation gap. A microstrip feeding line approximately 0.5λ g in length is attached to the wide edge of the patch. In this case, the element is sputtered on the PDMS dielectric substrate with a dimension of 12 mm × 9 mm × 0.6 mm. TABLE 1 provides detailed optimized parameter values of the element.
The Chebyshev synthesis method [32] can be used to obtain the current amplitude distribution coefficients of different elements. The coupling effect between antenna elements is more obvious at high frequencies, a characteristic that leads to errors in the excitation amplitudes of elements and inconsistent phases. These errors frequently produce distortion of the radiation pattern and deterioration of the side lobe level (SLL). Hence, according to the calculation in [33] , a physical SLL lower than −20 dB is regarded as the analysis limited threshold. The synthesizing current distribution of the proposed microstrip series-feed array antenna is presented as follows:
where I 1 represents the normalized current amplitude of the central array element. In the microstrip series-fed array antenna, the commonly used methods for controlling the amplitude distribution of the excitation current are the feeder width and patch element width gradation methods. This study uses the latter method because the feeder width is particularly thin and the processing error is particularly sensitive in the 26 GHz band. Fig. 2 (a) shows the structure of the proposed flexible microstrip antenna array. A 50 Ohm microstrip line, an impedance matcher, and eight antenna elements comprise the array. A quarter-wavelength impedance matcher is used to adjust the characteristic impedance between the microstrip line and the load. The feeding mode adopts end feeding, with the feeding line length between units reaching approximately 0.5λ g . In addition, the length of the patch is approximately 0.5λ g , and the spacing of the rectangular microstrip patch is approximately λ g , such that each array element has the same phase. TABLE 1 provides the details of the optimized parameter values of the antenna array. Fig. 3 illustrates the fabrication process of the proposed antenna array. The process, which consists of four steps, is relatively simple and has a high recycling rate with great application potential in antenna micro-structure fabrication. First, a negative photoresist (SU-8 100) was spin-coated on a 4 in silica wafer at 1,130 rad/min and soft-baked at 65 • C for 11 min and at 95 • C for 70 min after 1 h of stillness. The material properties of the photoresist were considered, such that only 300 µm of photoresist could be uniformly spin-coated at a time. The operation was repeated to obtain a 600 µm photoresist layer. The wafer was exposed to a dose of 650 mJ/cm 2 with a mask aligner. Post-exposure baking was performed at 65 • C for 5 min and at 95 • C for 35 min to form strong crosslinks. After the wafer gradually cooled down, the structure was immersed in a negative developer to obtain a dielectric substrate mold. Second, a positive photoresist (AZ4620) was spin-coated on a 4 in silica wafer to make a 6.5 µm-thick layer and soft-baked at 100 • C for 1 min. Afterward, the wafer was exposed to a dose of 200 mJ/cm 2 with a mask aligner and completed developing with the developer (400 K:H 2 O = 1:3) for 35 s. Post-exposure baking was performed at 120 • C for 30 min to form strong crosslinks. The silicon wafer was etched at 200 µm using inductively coupled plasma technique, and the photoresist was removed to obtain a sputtering mold. Third, a PDMS dielectric substrate was produced. Specifically, the liquid PDMS elastomer and a curing agent were mixed at a 10:1 ratio by volume. The liquid mixture was poured onto an SU-8 mold and then thermally cured at 75 • C for 2 h to obtain a PDMS dielectric substrate. The final step consisted of metal layer sputtering. Here the radiation patch on the PDMS substrates was obtained through magnetron sputtering operation (60 W, 8.0 × 10 −3 Torr) to coat the surface of the PDMS with a metal layer. Then, metal was sputtered on the entire surface of the back surface of the PDMS substrate to obtain a metal layer as a ground.
B. FABRICATION OF FLEXIBLE LAA ON PDMS SUBSTRATES

C. NUMERICAL AND PHYSICAL RESULTS OF LAAS
A microstrip line between units achieved fixed impedance matching to accommodate the connection between the ports and antenna. Fig. 4(a) compares the schematic of the simulated reflection coefficients with the change in width (WF) of the matching feeding line. When WF = 0.25 mm, S11 is less than −15 dB at low-frequency millimeterwave bands of 25-30 and 32.3-35.2 GHz. A corresponding impedance matching level in the resonant frequency also exhibits a best frequency of −21 dB. Results show that the width of the matching lines affects the matching quality but has a minor effect on the bandwidth. As illustrated in Fig. 4(b) , the peak gains of the LAA are higher than 8 dBi from 22 GHz to 32.5 GHz (with a gain maximum of 10.24 dBi). The tested S11 of the LAA is lower than indicating the main beam with strong polarization properties of the LAA.
The electric field distributions of the LAA at 26 GHz are shown in Fig. 5(a) . The stronger electric field path distance corresponds to an electrical length of 2.5 operating wavelengths. Most of the radiation of LAA is realized by the electric field distribution of P1-P4, and the impedance matching of the LAA is modified by the spatial arrangement of P5-P8. Fig. 5(b) shows the surface current-field distributions of the LAA at 24, 26, and 28 GHz. As the frequency increases, the spacing of adjacent current zeros gradually decreases. However, the current on the radiating surface has a similar flow path around the edge of the patch, coinciding with the theoretical prediction of the microstrip antenna edge radiation effect. Results show that the multi-resonant field path with different electronic lengths contributes to the formation of the ultra-wideband feature.
III. OMNIDIRECTIONAL SOLID ANGLE BEAM-SWITCHING CCAA
Beam-switching technology is an excellent candidate for base station wireless communication. It implements beam switching via RFSSs and requires feeding only one port. In comparison, phased array technology implements beam scanning through a phase shifter and requires the simultaneous feeding of multiple ports. The switch requires only a simple on-off operation to achieve beam switching, whereas the phase shifter requires large digital circuitry to achieve scanning. For feed networks, beam-switching technology consumes much less power than does phased array technology. From this condition, omnidirectional solid angle beam-switching CCAA is proposed.
A. OMNIDIRECTIONAL COVERAGE COST-PERFORMANCE ANALYSIS
In general, the beam of a planar antenna array deviates from the normal direction of the array by no more than 60 • because of a broadening beam and elemental impedance mismatch. The normalized performance metrics for omnidirectional coverage were investigated on the basis of the requirements of antenna wide-angle radiation and low-cost fabrication. The effective area of the cylindrical conformal antenna is a key parameter of cost performance. In particular,
where R, h, and φ respectively stand for the radius, height, and sector angle of the cylinder (active sector). The maximum active area of the cylinder is 2 Rh, but the edge radiation element is required to scan from the local normal direction to 90 • , which is impossible or inefficient. The larger the active sector, the smaller the pitch of the radiating elements, which leads to an increase in cost and a reduction in the effect of the gain. Hence, one performance index of a normalized performance indicator (effective area/cost) dividing the sector angle is proposed to denote the normal cost performance. That is,
where α indicates the increasing mismatching loss level when the main lobe deviates from normal, n is the number of elements, d h is the distance of an element along the generatrix direction (irrelevant parameter), and λ denotes the working wavelength. The formulation in Equation (4) is represented in MATLAB software, as shown in Fig. 6 . This study finds that a larger angle of the sector area increases the cost performance. Thus, the cylindrical conformal antenna system reaches optimal cost performance when the number of the LAA is five. [ Fig. 7(a) Fig. 7(b ) depicts the precise assembly of the flexible LAA and antenna-supported layer and the connection of the beam-switching control module. The flexible LAA and array-supported layer of the CCAA are fabricated by the MEMS process and 3-D polymeride printing technology, respectively. Five standard SMA connectors are soldered to the feeding line and ground plane. Moreover, the grounded soldering end of the standard SMA connector is embedded in the foam and secured with hot glue. The CCAAs and LAAs are measured via a standard microwave chamber, as shown in Fig. 7(c) . The LAAs are individually excited through the beam-switching control module to verify the experimental measurement process.
C. BEAM-SWITCHING PERFORMANCE ANALYSIS OF CCAA
The radiation performance of the CCAA is presented with a numerical operation in HFSS software (see TABLE 2 for detailed radiation parameters at 26 GHz). The measured reflective coefficients of A1-A5 are less than −10 dB at a range of 20-36 GHz and agree reasonably with the simulated results, as shown in Fig. 8(a) . A slight discrepancy in the measured reflective coefficients is attributed to the possessing error of the foamy array-supported layer made through 3-D printing technology. Fig. 8(b) illustrates the scanning numerical and measured results of the E plane, where the angles corresponding to the maximum gains of A1-A5 in the H plane are 0 • , 72 • , 144 • , −144 • , and −72 • , respectively, in the H plane. When the feeding network excites each linear array clockwise, the main beam switches from −144 • to 144 • . Each main beam gain is approximately 9.67 dBi, and the SLL is only −13.49 dB. Furthermore, the back lobe of each linear array is at least −16.95 dB, and the HPBW is lower than 10 • . The measured results are shifted slightly downward in terms of the simulated results because of the insertion loss of the feeding network. The pointing beam with properties of narrow beam and high gain indicates that the proposed conformal array antennas possess high gain and precise resolution spectral features. The omnidirectional coverage of the CCAA by scanning solid angle beam is characterized in the H plane, as shown in Fig. 8(c) . Each excited LAA produces a beam with a fixed coverage, such as those produced by A1 (−184 • to −103 • ), A2 (−111 • to −32 • ), A3 (−38 • to 39 • ), A4 (34 • to 110 • ), and A5 (107 • to 181 • ). Each main beam gain is at least 9.34 dBi with an HPBW greater than 72 • . The orange section shows the HPBW (3 dB band) of each linear array, which covers the entire 360 • . Omnidirectional high gain coverage is achieved by switching these beams of fixed coverage. The efficiency levels of A1-A5 are 67.9%, 70.4%, 66.8%, 68.6%, and 71.2%, respectively. These data show that circumferential CCAA can maintain a stable radiation property when beams are switched in the H plane. The designed antenna pattern could be switched between several beams in accordance with the specific requirements. The simulated and measured radiation performances of the CCAA in H plane agree reasonably well with each other.
D. FLEXIBILITY INVESTIGATION OF CCAA RADIATION
Verifying the radiation performance of flexible LAAs enables the illustration of the antennas' special properties when LAAs are wrapped around cylinders with radii of 7, 10, and 20 mm, as shown in Fig. 9(a) . A severe mutual coupling effect deteriorates the radiation efficiency of CCAA, indicating that the level of coupling effect is related to the integration of miniaturized antennas. Numerical and physical mutual coupling were obtained, as shown in Figs. 9(b) and (c). Mutual coupling increases with the decreasing value of the cylinder radius, and mutual coupling between LAAs is nearly below −20 dB. The measured results are shifted upward slightly in terms of simulated results. The discrepancy is attributed to a slight positional deviation when the LAAs are wrapped on foam. In other words, proximity-aligned LAAs exhibit low mutual coupling without path attenuation to the proposed CCAA. The radiation patterns in the E and H planes are obtained, as shown in Figs. 10(a) -(e), to further characterize the performance of the antenna when bent. All LAAs nearly maintain the main beam pointing to the normal direction of the array plane, and the obvious feature beam-switching can scan from 0 • to 288 • with the transformation of different LAAs. The SLL and front-to-back ratio (FTB) of the E plane are simply worse when R = 10 mm. Undesirable SLL and FTB in the E planes when R = 7 mm are generated because of the close mutual coupling between LAAs. The change in radius dimension is unavailable to radiation pattern only, which generates poor performance, whereas a smaller radius leads to excessive structural deformation to the flexible planer antenna. Importantly, the stable radiation properties of the CCAA under different bending degrees are beneficial to the development of applications, such as smart homes, wearable devices, and MBSs.
E. COMPARISON
The proposed CCAA is compared with some previous work listed in Table 3 . Although the design in [6] has a simple coplanar feed network and low cost, the application scenario is limited due to the low degree of freedom and small coverage areas. The design in [14] owns a high degree of freedom, but it suffers from smaller coverage areas due to the custom structure. In addition, although the degree of freedom does not meet the requirements of many intelligent 5G applications, the design in [15] and [24] has the ability to beam scan at a large angle. However, the bulky feed networks in fabricating both structures are quite expensive compared to the miniaturized circuit control module in the proposed work.
IV. CONCLUSION
This paper presents an omnidirectional solid angle beamswitching CCAA with high gain and high precision for 5G MBS application. First, the flexible LAA with a logarithmic periodic structure based on the method of the Chebyshev synthesis is constructed, and it exhibits high gain and wide HPBW in the H plane. The LAA is fabricated with the aid of the MEMS process. The structural discipline of the five LAAs of the CCAA is obtained from the effective area and active sector angle of the theoretical LAAs by synthesizing. To achieve omnidirectional switching scanning of the circumferential section, the five LAAs on the cylindrical surface are individually excited by connecting the RFSS to the exciting ports of the eight-way power divider. Moreover, the CCAA beam-switch scanning system is measured with the aid of a standard microwave chamber. Finally, various flexibilities of LAAs wrapped around the cylindrical surface are verified in an irradiated performance with high gain, FTB, low SLL, and mutual coupling. This investigation is of great significance to the development of 5G MBSs and wireless communication of smart homes with complex curved surfaces. In addition, if the beam-switched feed system and antenna are integrated into the flexible circuit board in future work, then the proposed antenna has great potential in the field of wireless communication.
ACKNOWLEDGMENT
(Qinyin Jia and Hongcheng Xu contributed equally to this work.)
The authors sincerely thank the Key Laboratory of Instrumentation Science and Dynamic Measurement (North University of China), the Ministry of Education, and the School of Instrument and Electronics (North University of China) for its support with the computer resources.
BINZHEN ZHANG is a Professor with the North University of China. He is currently the Deputy Director with the Key Laboratory of Instrumentation Science and Dynamic Measurement (North University of China), Ministry of Education, China. He has more than 100 published articles in the SCI library. His remarkable scientific work has contributed to great progress in the academic world. His research interests include functional materials, nano-materials, MEMS, and RF and microwave technology, including antenna, filter, coupler, power divider, phase shifter, and amplifier.
JUNPING DUAN received the Ph.D. degree from the North University of China, in 2015, where she is currently a Professor. She has mastered a project under the National Natural Science Foundation of China and the National Defense Pre-Research Foundation of China. Her research interests include flexible antennas, THz filter, metamaterials, and waveguide slot array antennas.
